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CHAPTER 1. PHYSICS INTEREST 
Introduction 
One of the primary purposes of the first phcise of the Large Electron Positron 
(LEP) collider physics program is to test the neutral current sector of the Standard 
Model (SM) [1] by studying the properties and decay channels of the boson. In 
this work we present an analysis of isolated energetic photons in decays of the to 
a gg system or Z^ decays having a event topology. The SM predicts numerous 
sources from which such decays can arise. We consider in detail the production 
mechanism where a photon is radiated directly from a primary final state quark, 
which we refer to «is final state radiation (FSR) [2]. 
Also of interest at LEP are the search for the Higgs boson [3] (predicted by 
the SM to impart mciss to the known particles) and searches for new particles not 
predicted by the SM. Evidence for these particles can arise directly by the observa­
tion of a new decay channel, or indirectly by measuring deviations in the expected 
properties of the Z^ (hence the motivation for precision studies of the Both 
the Higgs boson, and a number of hypothesized new particles have decay modes 
that give rise to a 937 event topology. This analysis considers the possibility that 
discrepancies between the data and the predictions of SM processes for Z^ çô7 
event topolgies might arise from these undiscovered particles. 
In the following chapter we discuss the major contributions to isolated photon 
production at LEP as predicted by the SM. Also given is a theoretical overview of 
the new processes that are considered in this study. 
Chapter 2 gives an overview of the LEP machine and the Detector with Lepton, 
Photon and Hadron Identification (DELPHI) used to record the data for this study. 
An overview of the major components of the DELPHI system are presented, followed 
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The gauge fields for the SU(2)xU(l) portion of the SM are also initially massless 
and are denoted as Wjifi = 1,2,3 for SU(2) and Bfi for U(l). The strengths of the 
gauge coupling constants are g2 and gi for SU(2) and U(l) respectively. The particles 
are given méiss by introducing into the theory a complex iso-doublet of scalar fields. 
By choosing a vacuum expectation value for the scalar fields, the original SU(2) xU(l) 
gauge invariance symmetries are broken. The effect of breaking the symmetry is a 
mixing of the gauge fields to produce three meissive gauge bosons 
and one massless gauge boson (the photon. A) as observed in nature. The observed 
bosons are expressed in terms of the original fields by 
Afi = By, • cos ' sin 9-^ 
Zy = -Bfi- sin ' cos (1.1) 
wf = (Wji T i • w2)/V2 
where tan 0]^ = g\lg2 ^^ ^ measure of the mixing in the neutral sector of the theory. 
In addition, the couplings gi and g2 can be related to the ordinary electromagnetic 
interaction coupling (in natural units) through the mixing angle, 
n = e/cos,^ 
% =  G/smg^.  
The mechanism which gives mass to the gauge bosons also gives rise to an ad­
ditional massive scalar particle, the Higgs boson, Experimental observation of 
the would confirm the mass generation mechanism. In Chapter 4 we set limits 
on production. 
Because the first phase of the LEP program is a study of the production and 
properties of the we now focus on the part of the Lagrangian that contains the 
couplings to fermions, 
= , E .  ( 1 - 3 )  
yy f=fermions 
where 7/^, 75 are the Dirac matrices which appear in the description of spin-1/2 
pMticles. The sum is over all fermions, /, in the theory which includes the leptons and 
their associated neutrinos (e, f/g, r, ut) and the six quark flavors (u, d, c, 5, t, 6). 
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Final State Radiation in Hadronic Events 
Photon production in the decay of the to hadrons can arise from a number 
of known sources in the SM. A list of potential photon sources include: 
1. prompt photon radiation from primary quarks that axe directly coupled to the 
ZO, or FSR. 
2. photons that radiate off the incoming e^, referred to as intitial state radiation 
(ISR). 
3. secondary quark radiation (SQR). This is different from FSR since the radiating 
quark is first produced from gluon pair production, where the gluon is radiated 
from the primary quark. 
4. hadrons which electromagnetically decay, thus producing photons. This phe­
nomenon is dominated by tt® decay to two photons. This process will be referred 
to as a QCD source of photons since hadrons arise from partons through QCD 
processes. 
5. bremsstrahlung from charged hadrons in the final state. 
6. Z^ decays to T"^and where at least one of the taus decays to three hadrons. 
Diagrams representing the above conbtributions are shown is Figure 1.1. 
For the first part of this analysis we are interested in separating isolated photons 
due to FSR from the rest of the sources. This process is represented by the diagram 1 
in Figure 1.1 where the photon originates from a primary quark. The matrix element 
for final state bremsstrahlung radiation of photons off quarks is given in first order 
QED (Born approximation) by [6, 7] 
dcr d(j 
dx —1— J— oc T- r—7-^ (1-8) "y '  dxq dx^ • dx -q (1 — Xq) - (1 - a:^-) ^ J J 
where Xj = 2 • EifEcm represents the energy of the three final state partons 
(i = 7,9, ç) as a fraction of the center of mass energy with the normalization zj + 
xq + xq= 2. The sum is over all quark flavors where ey is the charge of quark flavor 
6 
Figure 1.1: Known contributions to events with a q'qf topology. 
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/, and cy is the weak coupling of the quark to the . Equation 1.8 indicates that 
divergencies can arise if one or both of the quark energies approaches 1. Since this 
is a three-body final state, if either xq —> 1 or Zg —* 1 then the photon must be 
collinear with the other antiquark or quark to conserve energy and momentum. If 
both Xq -* 1 and x-q I then x-y ^ 0 and the photon is soft. Divergencies of this 
nature can be avoided by requiring the photon to have an energy larger than some 
minimum energy and to have a large angle of emission with respect to the quark. 
Therefore this study uses only isolated energetic photons. 
By including the lowest order QED radiative corrections in the width of the Z^, 
the partial width for FSR is given by [8] 
''m = vj (1-9) 
where the summation is over the quark flavors. In this expression Nc is the number 
of quark colors, Gjp is the Fermi constant, and a is the value of the fine structure 
constant at= 91 GeV (a = 1/128). The dependence of on the square of 
the quark charge gives a different mixture of quark types for a sample of FSR hadronic 
events than for the entire hadronic event sample where there is no dependence on 
the charge of the quarks (see 1.6). This contrast in dependence of and F^^^ 
on the quark charge, ey, can be used to determine the weak couplings of the up-type 
and down-type quarks [7, 9, 10]. 
The effects of QCD alter the above formula and hence the production of photons. 
At low emission angles of the photon, corresponding to low Mgj, it is possible for 
gluons to radiate from the quark prior to photon radiation. This introduces higher 
order QCD corrections in an Mqj region where it is not clear that perturbative QCD 
can be applied [6]. This provides additional motivation for restricting this study to 
isolated energetic photons where one expects only the lowest order QED and QCD 
corrections to be important. 
A potentially large source of background photons to FSR is initial state brems-
strahlung radiation (ISR) as shown in diagram 2 of Figure 1.1. This contribution has 
been well studied from a theoretical point of view and has been calculated to order 
for QED and weak virtual corrections [11]. The cross section to emit a photon 
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with fractional energy jat center of mass energy y/s is 
dcr . a 1 + A Ta 
where cqC-s') is the Born cross section, evaluated at the reduced center of 
mass, Vâ^, after radiating a photon. The energy spectrum of the ISR photons is 
dominated by soft photons. The radiated photons are also produced predominantly 
in the forward direction of the beam. The cross section is actually divergent for 
very soft photons {x^ —> 0) or collinear photons (0e7 —* 0). Hence the contribution 
of ISR photons can be reduced to a negligble level by using only 'energetic' photons 
'far' away from the beam axis. The terms 'energetic' and 'far' will be given substance 
in Chapter 3. 
The interference term between FSR and ISR is complicated but can be impor­
tant. At low energies the interference term is responsible for charge asymmetries [2]. 
However, at the peak of the resoneince the interference term is expected to be 
small [6, 7], about 0.5% of the total 557 cross section, and is negligible. 
Secondary quark radiation (SQR) (see diagram 3 in Figure 1.1) is another pos­
sible source of photons. However, since SQR occurs at least two steps down in the 
cascade process the photon energy spectrum is quite soft compared to FSR. In ad­
dition this process is suppressed because the branching of the gluon is dominated by 
g gg as opposed to g ^ gg. Therefore, SQR is a negligible (< 1%) contribution 
to energetic isolated photon production compared to FSR. 
One of the most serious backgrounds to FSR comes from hadronic production 
of as illustrated by diagram 4 in Figure 1.1. At high energies the two photons 
from the tt® decay cannot easily be separated experimentally, and hence fake a single 
photon. While neutral pions are commonly produced in events, the energy 
spectrum decreases rapidly with increasing energy. More important the tt^ have a lim­
ited transverse momentum with respect to the jet axis, and hence are found primarily 
in the jet of particles produced from the hadronization of the quarks. Therefore, re­
quiring the photon to have a large angle of emission with respect to the jet, or to 
be isolated from other particles, should reduce this background process considerably. 
Large angle pions can also be produced by gluon bremsstrahlung events. Again, 
-V 
(1.10) 
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requiring the photon to be isolated from other particles can make this background 
manageable. 
Another possible source of photons is bremsstrahlung radiation from charged 
hadrons, represented by diagram 5 in Figure 1.1. The probability of bremsstrahlung 
from charged particles is inversely proportional to square of the particle mass. Hence, 
this process is suppressed due to the relatively high mziss of the hadrons. In addition 
these photons are found primarily in the direction of the charged particle and are not 
isolated. It is a negligible effect in this study. 
Decays of the Z® —» 7 can also fake a qqy topology when one of the 
decays to three charged particles and begins to look like a hadronic event (see 
diagram 6 in Figure 1.1). Reliable e'^e~ —> t'^t~ event generators exist to study 
the magnitude of this contribution to the qqy event topologies expected in the data. 
The Boson with Mjj < 
In the previous subsection we outlined the known, or observed SM processes that 
can contribute to a gÇy final state. However, the SM also allows the qqf final state 
to occur through the rare decay of the to a photon and a SM Higgs boson, if®, 
where the decays into a gg pair [12, 13, 14], 
e+e--y 7 
i (1.11) 
H^-^q q.  
This decay is forbidden at lowest order, but can occur through the higher order 
processes shown in Figure 1.2. The relative decay rate for this process is given by 
[15] 
r(ZO -> y j 1 + (1 - 4 • sin^ 9]^)'^ 
where Aj and A]^ axe the contributions from the fermion and W boson loops re­
spectively. The contribution to the decay width from the fermion loop is small and 
goes to zero in the limit of mcissless fermions. The top quark mass, m^, enters into 
the width through the fermion loop, but has an effect of less than 5% when is 
10 
H 0 
(b) 
Figure 1.2: The Feynman diagrams for the e'^e~ —+ 7 process. Only 
higher order diagrams contribute to this process, and include (a) fermion 
loops and (b) W boson loops. The dominant contribution to the decay 
width comes from the W boson loops. 
11 
varied between 60 and 200 GeV. The fermion loops give a constant contribution in 
the limit of infinitely massive fermions and is expressed as 
^ 2 ' N c - Q f - ( r / -2 -g / - s in2g^)  
where Nc, Q j ,  and are the number of colors, electric charge, and third component 
of weak isospin respectively for each fermion (/). The limiting value for a charged 
lepton is 0.03, and for up (down) type quarks is 0.29 (0.26). 
The dominant contribution to the decay width comes from the W boson loops. 
An approximate formula for is 
= -(4.55 + 0.31 • (M^/M§)) (1.14) 
and is the primary contribution for even small masses. Neglecting the fermion 
loop contributions, a good approximation of equation 1.12 is 
where a = 1/128 and sin^0^ = 0.229. The corresponding cross section for the 
process ^ f is displayed in Figure 1.3. The coupling of the Standard 
Model to fermion pairs is a function of m^, so that the branching ratio of the 
to quarks is over 90%. 
In Chapter 4 we place limits on the production rate of e'^e~ —* 7 
where the decays to two quarks. 
Non-Standard Model Physics Processes 
In the previous section we have discussed how the gg-y final state arises in the 
Standard Model. However, processes beyond the SM can also contribute to this final 
state. In the following we discuss two such processes; (a) a composite, or radiatively 
excited, quark state and (b) a composite, non-point Uke Z^ boson. 
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Excited Quark 
An extension of the Standard Model (SM) that has been of interest is the possibil­
ity that elementary fermions are composite particles consisting of more fundamental 
constituents. A typical consequence of compositeness in the fermion sector is the 
existence of excited states of the observed fermions [16, 17]. The simplest extension 
of compositeness is to assume that the excited fermions are similar to the ordinary 
fermions. In particular an excited quark, ç*, is a triplet of color and a weak isospin 
doublet of SU(2)xU(l). Thus, the coupling of excited quarks to the gauge bosons is 
of the same form as found in the SM. 
The possible decay processes of the to excited quarks are e'^'e" —> ç ç* 
and e"^e~ —>• —» g* g*. For this study, only the former decay will be considered. 
The topology is formed by the decay sequence 
e'^e~ —*• q q* 
i (1.16) 
q* -^q 7-
The excited quark should be produced at LEP energies if — rUq. Of 
particular interest for a qq'y topology search is the mass range where 
since direct Z^ —> q* q* production is excluded in this kinematic range. (If 
were below half  the coll is ion energy direct  q* 5* production would increase the Z^ 
width, r^, and would have been clearly observed in the hadronic width of the 1990 
LEP data.) 
In Chapter 4 we place limits on the production rate of e^'e" —> Z^ —> q q* 
where the g* radiates a photon. 
Composite Z^ Boson 
The idea of compositeness can also be extended to the boson sector [17] of the 
SM. In particular the Z^ may not be a fundamental particle but instead may consist 
of more elementary particles. If the Z^ were a composite particle made up of charged 
constituents, it could decay directly into a photon and hadrons. New interactions 
that can account for this decay include; 
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1. decay into a photon and an off-méiss-shell Z®, referred to here as a Z*, 
which would produce a broad spectrum of photon energies, 
2. anomolous three- and four-boson couplings [17, 18] which would also produce 
a broad spectrum of photon energies, 
3. decay into a photon and a scalar partner, which would result in a 
monochromatic photon energy if the width of the S is not too large [19]. 
In Chapter 4 we place limits on the production rate of a composite Z^ for each 
of the above cases. 
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The luminosity is expressed in units of cm ^s ^ and is given by the formula: 
L = (2.1) 
^•K(7x(ry 
where N is the number of electrons or positrons in a bunch, k is the number of bunches 
in each beam, / is the frequency of revolution, and ax and (Ty are the horizontal and 
vertical r.m.s beam radii at the collision point. As implied, a 'beam' of electrons is 
actually one or more bunches of electrons, each bunch being several centimeters long 
and a few millimeters in diameter. LEP currently runs with 4 bunches and during 
1990 maintained a typical operating luminosity of about 3 x 10^^ cm~^s~^. This 
is below the design luminosity of 1.7 X 10^^ cm^^s"^, so that the production 
rate can be expected to increzise in the near future. Indeed, part of the LEP physics 
program includes the possibility of running at high luminosity within the next few 
years of operation. Design values for other LEP parameters of interest are shown in 
Table 2.1 [23]. 
The LEP tunnel has a circumference of 26.7 km and lies at a depth which varies 
from 50 to 175 m below-ground. The main LEP tunnel is actually in the shape 
of an octogon with rounded corners and eight straight sections. At the center of 
each straight section is a possible collision point for the e"^e~ beams. Four of the 
collision points include large experimental halls that house the detectors used to 
record interaction products of the collisions. Figure 2.1 shows a schematic of 
the LEP tunnel and the location of the four LEP detectors, ALEPH, DELPHI, L3 
and OPAL [24]. 
The LEP collider is a complex of accelerators which culminates with collisions 
in the LEP tunnel. The injection of electrons and positrons into the LEP ring takes 
advantage of two existing facilities at CERN, the 450 GeV Super Proton Synchrotron 
(SPS) and its injector the 28 GeV Proton Synchrotron (PS). Both are used used in 
the fixed target p beam program and the pp program. These facilities were modified 
for LEP operation by the addition of the LEP Pre-Injector (LPI), which consists of 
two LEP Injector Linacs (LIL), and an Electron/Positron Accumulation Ring (EPA). 
Two transfer lines were also installed between the SPS and LEP. Figure 2.2 shows an 
overview of the machines used to accumulate and acclerate e"^ and e~ bunches [21]. 
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\ e-^ 
SP3 20Ge\^ 
CIRC. 27000m \\ CIRC. 6912 m 
V " 
PS 3.5 Gey 1 
I CIRC. C28m / 
Wy EPA 600 MeV 
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e - e É 
CONVERTER -*f UL 600 MeV 
e-GUN LENGTH 101m 
Figure 2.2: The LEP injection system for accumulation of electron and positron 
bunches. The electrons and positrons are accelerated to a nominal en­
ergy of 20 GeV before injection into the LEP accelerator. 
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Table 2.1: Design parameters for the Large Electron Positron (LEP) collider at 
CERN laboratory. 
Parameter Value 
Maximum beam energy 60 GeV 
Injection energy 20 GeV 
Luminosity 1.7 x 10^^ cm"^s"^ 
Circumference 26.66 Km 
Interaction regions 4 
Particles per bunch 41.6 X 10^" 
Bunches per ring 4 
Average beam current 3 mA 
Filling time 0.25 mA/min 
Acceleration period 80s  
Bunch length 1.2 cm 
Beam radius Horizontal: 300 nm 
Vertical: 12 fj,m 
Méiximum magnetic field 0.135 T 
Production of electrons and positrons starts at the LIL. Since positrons are the 
anti-matter of electrons and not found readily in nature, they are the more difficult to 
produce. Positron production starts by first producing electrons with an e~ gun and 
accelerating them through the 200 MeV Linac. The electrons then strike a tungsten 
target, creating positrons which are separated from other particles by magnetic fields. 
The positrons are then accelerated through the 600 MeV Linac and 'stored' in the 
EPA. The EPA accumulates positrons in 8 bunches by collecting many bursts of 
positrons from the 600 MeV Linac. The positrons are then transferred to the PS (in 
4 or 8 bunches) where they are accelerated to 3.5 GeV. From the PS the positrons 
go to the SPS for acceleration up to an energy of 20 GeV. Finally the positrons are 
injected into the four bunches of LEP. The electrons for LEP are produced in the 
same fashion, except that the tungsten target is not needed, the e~ gun supplies 
the electrons directly. The entire cycle of injecting 4 positron bunches followed by 
4 electron bunches into LEP takes approximately 15 seconds and is called an SPS 
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supercycle. Many SPS supercylces are needed (about 50) to produced the desired 
number of particles, 1.6 x 10^^, in each e"^ and e~ beam. This corresponds to a 
current of about 3 mA for each beam at the end of a LEP 'fill'. 
When e"(" or e~' bunches are injected into LEP they must be kept in a circular 
orbit with energy 20 GeV until the fill is complete. In addition the beam cross 
sectional area must be kept small and the energy loss due to synchotron radiation 
must be compensated for. The beams are kept in a circular trajectory by 3304 
dipole magnets of 5.75 m each. An additional 64 dipole magnets are located at the 
8 interaction regions and another 24 dipole magnets at the injection point of LEP. 
The beams are focussed in the plane perpendicular to the beam by 816 quadrupole 
magnets and 501 sextupole magnets. Two superconducting quadrupoles at each of 
the four interaction regions give the beam a final 'squeeze' to reduce cr® and a-y as 
much as possible before collision. 
The energy loss due to synchrotron radiation is compensated for by a Radio 
Frequency (RF) system that operates at 352.21 MHz. This system also accelerates 
each beam from 20 to 45 GeV after a sufficient beam intensity has been reached. The 
RF system consists of 128 coupled cavity units, each containing a five-cell acceleration 
cavity coupled to a single-cell spherical storage cavity on the side. The accelerating 
cavities are located at two of the interaction points directly, opposite each other. 
Each five cell acceleration cavity can run at a maximum accelerating gradiant of 
1.47 MV/m, hence each of the 2.12 m cavities can give a maximum energy of 3.1 MeV 
to an electron or positron. Figure 2.3 shows a schematic of the magnet and RF cavity 
positions in the LEP ring [22]. 
Once the electron and positron beams have been acclerated to the desired energy, 
nominally 45.6 GeV, the beams collide at the interaction points where the four LEP 
detectors are located. The duration of one LEP fill for useful physics interactions 
is typically about 4 hours. The data for this analysis have been recorded by the 
DELPHI detector. To gain an understanding of the size and complexities of this 
experiment, an overview of the DELPHI detector is presented below. 
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Figure 2.3: Position of the LEP magnets and RF cavities. The dipole magnets keep the trajectory of the 
beams circular. The quadrupole and sextupole magnets focus the beams. The and e~ are 
acclerated by the RF cavities from an energy of 20 GeV up to a nominal energy of 45.6 GeV. 
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The Detector with Lepton, Photon and Hadron Identification - DELPHI 
The Detector with Lepton, Photon and Hadron Identification, DELPHI, is a gen­
eral purpose detector composed of 16 detector sub-systems and a superconducting 
•solenoid. Figure 2.4 shows a general overview of how these sub-systems are arranged 
to form DELPHI [25]. (The following detector description uses a cylindrical coordi­
nate system where the z-axis is parallel to the e~ beam direction and whose origin 
is at the center of the detector.) As seen in this figure, DELPHI can be considered 
as a cylindrical barrel region and two end-cap regions. The barrel region covers from 
40° to 140° in the polar angle. The two endcaps, or forward regions, overlap the 
barrel region and extend down to polar angles of about 10° and 170°. A 5.2 m long 
superconducting solenoid is located at a radius of 2.6 m. The solenoid produces a 
uniform magnetic field of 1.2 T parallel to the beam axis within the cylindrical region 
it surrounds. By measuring the curvature of charged particle trajectories within this 
region, the momenta of charged particles can be determined. Detailed schematics of 
the longitudinal and transverse cross section of the DELPHI detector are shown in 
Figures 2.5 and 2.6 [25]. 
The DELPHI sub-detectors can be divided into several classes based on their pri­
mary function, such as charged and neutral particle detection, particle identification, 
and triggering. In most instances, the sub-systems contribute information to more 
than one class. The following sections describe the purpose of each class and how the 
detectors within the class accomplish their function. The most important properties 
of the subdetectors, i.e., resolutions, will also be presented. More information on 
DELPHI particle detection techniques and detector performance in general can be 
found in references [25, 26, 27]. 
Charged Particle Detection 
The uniform magnetic field of 1.2 T, produced parallel to the e^"e~ beam by the 
DELPHI solenoid, changes the direction of charged particles with momentum com­
ponents perpendicular to the beam. Hence, the momenta of the charged interaction 
products can be determined. This section describes the DELPHI subdetectors that 
are designed primarily for charged particle detection. The descriptions are intended 
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Figure 2.5: Longitudinal view of the DELPHI detector. 
26 
to be short summaries. Some additional emphasis is placed on the TPC since this 
sub detector is the primary tracking device for the barrel region of the DELPHI detec­
tor and our analysis is very dependent on it. A summary of the primary parameters 
and performance of each tracking detector is given in reference [25]. 
Vertex Detector (VTX) This detector is designed to determine the vertex 
of a Z® decay by providing accurate R(^ - resolution. Precise vertex information is 
especially useful for the study of short-lived states, in particular b-quark physics. 
The VTX consists of two cylinders of Si-strip detectors concentric to the incident 
beam and located at average radii of 9 and 11 cm with a length of 24 cm. Each 
cylinder has 24 azimuthal modules that span the full length of the VTX, with an 
overlap of about 10% in <p between the modules. A module consists of four Si-
detectors along the «-direction, each 300 fim thick with a 25 nm diode pitch. Each 
detector has a sensitive length of 59 mm and a width 25.6 mm or 32 mm for the inner 
or outer cylinders respectively. The readout strips are located on the Si-detector 
parallel to the beam and have a 50 /xm pitch, hence there are 512 readout channels 
per detector on the inner cylinder and 640 readout channels per detector on the outer 
shell. Detector pairs are wire-bonded together in series, giving the VTX a total of 
54254 readout channels. 
Relative alignment of the modules before installation was done to an accuracy 
of 10 fim in 3 dimensions. By using tracks that cross the overlap region in both 
cylinders, a preliminary value of 7 fim was obtained for the - resolution of the 
VTX done. Using tracks from events, internal alignment with other detectors 
has reached an accuracy of o"/jçj=14 fiva leading to a vertex reconstruction error of 
90 fim in (x,y). 
Inner Detector (ID) The ID serves two functions, redundancy for vertex 
reconstruction and a source for fast trigger information. The ID consists of two 
cylinders concentric to the beam axis to accomplish each of its functions. 
The primary function of the inner-most cylinder is to provide additional R(j> 
information for charged track reconstruction. The inner cylinder is a drift chamber 
with a jet-chamber geometry. Sense wire planes running parallel to the beam direction 
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are located in the middle of each sector. Ionized electrons aie drifted to these planes 
with a drift velocity proportional to R (thus the trigger information for each R(l> point 
of a track is kept in the same narrow time-window). Wire grids on both sides of the 
sense planes provide a varying drift field of 1 — 2 kV/m. The gas used for ionization 
and drifting is CO2/C4H10/C3H7OH. This jet-chamber geometry provides 24 R(f> 
points per track. 
The outer-most cylinder of the ID primarily provides fast trigger information, 
and is also important for resolving left/right ambiguities in the jet-chamber. The 
outer cylinder consists of 5 cylindrical layers of MWPC. Each layer is 8 mm deep and 
contains 192 sense wires spaced about 8 mm apart and interleaved with field wires. 
The wires run parallel to the beam for a length of approximately 50 cm. Each layer 
also has circular cathode strips that lie at a 5 mm pitch and cire proportional to R 
to give a fixed angular resolution. The sense wires resolve left/right ambiguities in 
the jet-chamber. Fast trigger information is provided by both the cathode strips and 
the sense wires. 
Cosmic ray and beam tests have measured an average single wire resolution 
of crj^^=90 fim in the jet-chamber. The efficiency of the jet-chamber is typically 
20 points/track during LEP data runs. The outer layer wire resolution has been 
measured to be <7^=600 fim in beam tests and is less than 1 mm for data runs. 
Single track efficiency for the outer layers is greater than 95%. 
Time Projection Chamber (TPC) The TPC is the primary tracking device 
of DELPHI, and its main function is detection of charged tracks. Normally track 
reconstruction starts with the TPC information. The TPC can also provide particle 
identification by measuring the energy loss per unit distance, dE/dX, of the charged 
particles passing through its volume. This information is particularly useful for e-
TT separation below 8 GeV. Above this energy, the HPC (see page 57) is used to 
separate electrons from pions. 
The TPC uses the principle of time projection to obtain 3-dimensional spatial 
information for a charged track. The TPC volume is a large cylinder with the z-
axis parallel to the beam axis. A uniform electric and magnetic field lie within this 
volume, parallel to each other and the beam axis. A charged particle passing through 
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the gas liberates electrons via ionization. These electrons are caused to drift towards 
a sensitive region by the electric field. Transverse diffusion of the charge is kept low 
due to the presence of the parallel magnetic field. The sensitive region is located 
at the end of the drift region and is segmented in the plane transverse to the beam, 
providing spatial track information in the R<l> plane. Using the known drift-velocity of 
electrons in the gas and the measured drift time, the track position in the z-direction 
can be determined. 
The DELPHI TPC has an inner radius of 35 cm and an outer radius of 111 cm. It 
is split into two hzilves with respect to the interaction point, each extending to 134 cm 
in the ±2r-direction. Hence the TPC covers a polar angle of 20 < 0 < 160. The gas 
used in this volume is an Ar/CH^ (80/20%) mixture. For a nominal electric drift 
field of 150 V/cm the drift velocity of the ionized charge is V£) = 66.94 ±0.07 mm//is 
at a temperature of T = 22° C. 
The sensitive region at each end of the TPC consists of an end-cap that is divided 
into six sectors. Each sector has 192 sense wires spaced 4 mm apart and covered by 
16 circular cathode pad rows. Individual cathode pads are about 7.5 mm in length 
and 8 mm in height (il), adjusted to give a constant surface area and a multiple of 16 
pads per row. A total of 1680 pads are found on each TPC sector. The energy loss 
of the charged track, dE/dX, is obtained from the sense wire pulses. The cathode 
pads determine the R(j> position of the track-
Preliminary spatial resolutions of the DELPHI TPC during LEP operation are 
(7^^ = 180 — 280 fixn. depending on (f> and z, and az < 900 fim. Two track separation 
is about 1.5 cm. Resolution for dE/dX is currently <r = 6.2% for muons at 45 GeV 
and cr = 7.5% for pions between 280 and 400 MeV. 
Ring Imaging Cherenkov Device - (RICH) The RICH sub-detector sys­
tem is designed to identify the various species of charged particles which are produced 
in the interaction. It relies on the principle of Cherenkov radiation, light emitted 
by charged particles passing through a medium at a speed feister than light travels 
through the medium. This causes a 'cone' of photons to be emitted at an angle 9 
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Muon Chambers - Barrel (MUB) As its name implies, the purpose of the 
MUB is to distinguish muons from other charged particles. Since muons only interact 
weakly with matter, muon identification is accomplished by placing a device sensitive 
to charged particles behind several interaction lengths of matter. Thus most of the 
ordinary hadronic matter is absorbed in this material. 
The DELPHI MUB consists of two concentric cylinders located at radii of about 
445 and 485 cm. Hence, the inner cylinder lies behind the first 90 cm of iron in the 
barrel hadron calorimeter (and lies entirely after the lead of the barrel electromagnetic 
calorimeter). The second cylinder is located behind an additional 20 cm of hadron 
calorimeter iron. The first cylinder consists of 2x24 azimuthal planks, each containing 
3 layers of staggered drift chamber planes. The second cylinder consists of overlapping 
planks, each containing 2 layers of staggered drift chamber planes. Each plank is 
about 3.65 m in length and covers half the detector in the ^-direction. The drift 
chamber planes are 20.8 cm wide by 2.6 cm high and contain a single sense wire in 
the center. They operate in a proportional mode using a gas mixture of Ar/CH^/C02 
(85.5/8.5/6%). 
Resolutions from test beams and cosmics are ~ 1 mm and <Jz ~ 10 mm. 
Resolutions from meeisurements of extrapolated tracks during LEP operation are 
= 4 mm and Cz ~ 10 mm. Individual chamber efficiencies are estimated at 
about 95%. 
Forward Chamber A (FCA) The main function of the FCA is to provide 
tracking ability, and hence improved momentum resolution, at low polar angles. The 
FCA also provides fast trigger information for the forward region. These functions 
are accomplished by placing planes of wire chambers, rotated with respect to each 
other, at the ends of the cylindrical volume of the DELPHI detector. 
The FCA is located at each end of the TPC and stands prependicular to the 
beam axis. Each detector consists of 3 chambers split into half-discs with a radial 
coverage of 30 < i2 < 103 cm. Each chamber hcis two staggered layers constructed 
from conductive plastic that form 15 mm square cells with the anode wire located 
in the center. The chambers are rotated at an angle of 120° with respect to each 
other, thus giving stereo spatial information for charged tracks. In addition the outer 
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surfaces of each double layer are reinforced with 0.7 mm GlO sheets that carry a 
pattern of 58 mm wide cathode strips, rotated at 60° with respect to the anode 
wires. The cathode strips provide improved local pattern recognition. The chambers 
are operated in limited streamer mode in a gas mixture of Ar/i-C^H2Q/C2HgOH 
(48.75/48.75/2.5%). 
Spatial resolution from test beams are ax 150 fim for the anode wire signal. 
Efficiencies for the double layers were e ~ 97% . Preliminary results from LEP 
operation are ax 300 fim for the anode signal and a double layer efficiency of 
6 ~ 95%. 
Forward Chamber B (FCB) The FCB provides additional tracking ability 
in the forward region, and hence substantially improved momentum resolution. The 
FCB also provides trigger information for low polar angles. Like the FCA, this is 
accomplished by placing wire chambers, rotated with respect to each other, at the 
ends of the DELPHI detector. 
The FCB is located between the forward RICH and the FEMC on each arm of 
DELPHI at a 2;-distcince of about 267 cm. The chamber consists of 2 half discs on 
each end with a radial coverage of 53 < < 195 cm. An FCB chamber contains 
12 wire planes 1.1 cm apart (in z), separated by cathode plates. Pairs of planes are 
rotated with respect to each other by 120°. Each pair of wire planes is also staggered 
with respect to each other. Sense wires are 2 cm apart and are separated by field 
wires. The gas mixture used is Ar/C2Hg/C2HgOH (50/48/2%). 
Test beam results for spatial resolution are crx < 150 nm and efficiency e = 97% 
for the individual wires. Double layer efficiency is near 100%. Preliminary results 
from LEP operation are <x = 250 fim and s = 80% per plane, averaged over all planes. 
This includes effects from dead regions. Combined information from the 12 planes 
gives (Tx = <Ty — 120 /fm. 
Muon Chambers - Forward (MUF) The MUF works on the same principle 
as the MUB; i.e., place wire chambers after many radiation lengths of material to 
detect the only particles likely to reach it, namely muons. 
The DELPHI MUF consists of 2 planes of wire chambers (lying perpendicular 
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to the beam axis), the first located at z = 463 cm and behind 85 cm of HAF iron, 
and the second located eifter another 20 cm of iron at z = 500 cm. Each plane covers 
an area of 9 X 9 m^ and is made up of 4 quadrants, each covering 4.4 X 4.4 m^. Each 
quadrant consists of 2 layers of orthogonal drift chambers. The drift chambers are 
435.4 cm long, 18.8 cm wide and 2 cm high with an anode wire located in the center 
and running the length of the chamber. The drift chambers are operated in limited 
streamer mode with a mixture of Ar/C02/i-C4Hj^Q (14/70/14%) and 2% i-propanol. 
Resolutions from cosmic tests are <7x,y = 1 mm for the drift time measurement 
and = 2 mm for the delay line information. Using halo muons from the LEP 
beams, the efficiency per layer was found to be 89 ± 3%, averaged over all layers. 
This includes an 8% inefficiency due to structural deadspaces. Spatial resolution for 
muons hitting all four detector layers is cr = 3 mm (averaged over 16 detectors on 
one end-cap). 
Combined Track Detection One of the primary objectives of detecting the 
charged particles is to determine the particle momentum to a high degree of accuracy. 
This is accomplished by combining the information from each of the independent 
sub detectors to determine vertex positions cind track trajectories of the charged par­
ticles. Combining subdetector information is especially important for determining 
high momentum resolution. 
Pattern reconstruction of tracks starts by finding tracks in each subdetector. 
The individucil subdetector tracks are then fitted together to find the particle trajec­
tory through the entire DELPHI detector. An important consideration for achiveing 
precise track reconstruction is the relative alignment between subdetectors. The 
alignment relies on a precise structural survey of the detector components, and in 
particular on calibration with cosmic events. 
Using the combined tracking information of the ID, TPC, and OD in the barrel 
region, the momentum resolution for 45.6 GeV muons has been measured to be 
d p / p  =  7 % .  T h i s  i n d i c a t e s  a n  o v e r a l l  m o m e n t u m  r e s o l u t i o n  o f  A p / p  =  0 . 0 0 1 5  x  p  
(GeV) for the barrel region. For the forward region, using the combined tracking 
of the ID, TPC, and OD (20° < 0 < 35°), the momentum resolution for 45.6 GeV 
muons has a preliminary value of dp/p = 17%. 
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Neutral Particle Detection 
The main function of neuticil particle subdetectors is to measure the position 
and energy of neutral particles. Neutral particle detectors aim at measuring energies 
by causing the neutrzil particles to deposit their full energy within the detector. The 
response of the detector, or output signal, is a function of the incident particle energy, 
hence the particle energy can be determined. For this reason these devices are called 
calorimeters. Electromagnetic calorimeters are optimized for detection of photons 
(and electrons). Hadron detectors are designed to enhance detection of hadrons 
(neutrons, pions, kaons, etc.). While the most important function of these detectors 
is to identify neutral particles, they also play an importeint role in charged particle 
detection and identification. For example, charged tracks from —» e^'e" and 
fi" are not distinguishable, yet the energy each type of track leaves in the 
HPC are very different. 
Below are brief descriptions of the detectors used for neutral particle detection. 
A summary of performance for neutral particle detectors is given in reference [25]. 
Since this analysis involves a study of photons, emphasis is placed on the DELPHI 
barrel electromagnetic calorimeter, the HPC. 
High-density Projection Chamber (HPC) The HPC [28] measures the 
position cind energy of photons, identifies electrons, and provides information regard­
ing the position and energy of charged particles. The HPC also provides information 
for fast triggering. 
The HPC detector forms a cyHndrical shell (z-axis parallel to the beam) just 
inside the superconducting coil in the radial region 208 < R< 260 cm and subtends 
a polar angle of 43 < 0 < 137°. The shell consists of 144 modules collected together in 
lines of 3 modules (in ^-direction) by 24 azimuthal lines on each half of the detector. 
Hence each module covers approximately 15° in (j> and has a space of 1 cm to its 
azimuthal neighbors. A single set of 24 azimuthal modules can be thought of as a 
'ring' covering a solid angle of 27rA0. The middle-rings are separated from the inner-
rings and outer-rings by a ^-distance of 1 cm. The two inner-rings are separated by 
a z-distance of 7.5 cm (centered at 0 = 90°) caused by structural support. 
The HPC is a gcis sampling calorimeter that uses the principle of time projection 
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to obtain 3-dimensional spatial information of neutral particles [29]. Each HPC mod­
ule contains a series of lead wire converters separated by gaps filled with an ArCH^ 
gas mixture. A uniform electric field (parallel to the beam axis) is established in 
the module volume using a passive resistor chain soldered to the lead wires, forming 
a voltage divider network. Particles incident on the module interact with the lead 
converters primarily through electromagnetic processes. Hence photons pair produce 
and e~ (e"^) bremsstrahlung radiate as they pass through the lead converters, thus 
producing a cascade shower of electrons, positrons, and photons. The charged par­
ticles in the shower (e"^ e~) ionize the Ar gas as they pass through the detector. 
(Since the ratio of mean energy loss due to radiation as compared to ionization for a 
particle of energy E and mass M is roughly proportional to E • radiation is 
only important for e^. Other charged particles (muons and pions) will generally not 
produce a cascade shower, but leave only a line of constant ionization charge and are 
referred to as minimum ionizing particles, or mips.) The electrons released from the 
ionization are drifted parallel to the beam axis by the uniform electric field towards 
a sensitive region at the end of the module. Transverse diffusion is low because of 
the small Lorentz angle due to the magnetic field. The sensitive region is segmented 
in the plane perpendicular to the drift direction (and hence the beam-axis). The 
segmentation provides R<f> spatial information for the shower, while the drift time 
cind known drift-velocity of the ionized electrons provides spatial information in the 
^-direction. The energy of the incident particle is proportional to the amount of 
ionized charge produced by a shower. Hence, photon energy can be determined by 
measuring the amount of charge detected in the sensitive region. 
Each module of the HPC is in the shape of a trapezoid, as viewed along the z-
axis, with bases of 51.9 and 63.8 cm. The modules of the inner and middle rings are 
90 cm long (drift direction) and the modules of the outer rings are 65 cm long. The 
46.5 cm depth of a module contains 40 lead converters (18 radiation lengths) spaced 
by 8 mm gas gaps. Scintillator planes are located in a single 18 mm gap behind 4.5 
radiation lengths of lead for fast trigger information. 
The sensitive region is a plane of proportional wires that lies at the end of each 
module, perpendicular to the drift direction. The wires are capacitively coupled to 
a plane of 128 cathode pads. The cathode pads are organized into 9 active layers to 
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determine the longitudinal development of the shower. The pad size is small in the 
first few rows to accurately determine the position of an incident particle and avoid 
saturation at the shower maximum. Pad size is larger in the later rows since there 
is little positional information and saturation is not a problem. Figure 2.7 shows the 
pad layout for a module. This pad pattern determines the R(j> granularity. 
The energy and z-coordinate of the shower are determined by digitizing the 
induced signal on the pads using an 8-bit flash analog to digital converter (FADC) 
operating at a frequency of 15 MHz [30]. The FADC operates in a bilinear mode 
resulting in a dynamic range of 800:1. In this way the FADC digitization can 
distinguish low energy showers for minimum ionizing particles, and does not saturate 
for high energy showers. The FADC samples the charge ~ 255 times over the 90 cm 
drift length, leading to a fine spatial resolution of ~ 3.5 mm in the ^-direction. For 
the given number of modules, pads and time samplings, over 4 million space cells 
are available for position and energy measurement. The instrumentation of these 
cells is accomplished with 18432 electronic channels, one per cathode pad. A zero-
suppression circuitry has been implemented in the electronics readout so that the 
output data is kept at a modest level. 
Shower reconstruction of test beam data measured an angular resolution of the 
HPC alone (without vertex constraints) to be {cr^ = 36/y/Ë + 2.5) mrad for theta 
and (<7^ = 971y/B +10) mrad for phi. The energy resolution from test beam data is 
{(T£fE = [{23/y/E)^ 4- (1.1)2]V2)%^ where E is expressed in GeV. Measurement of 
the HPC energy resolution during LEP operation has been more difficult to assess. 
The energy resolution of bhabha events in the HPC indicates a poorer energy reso­
lution than expected from beam tests. It has been suggested that the deterioration 
is due to the interactions of the incident particle with the detector material in front 
of the HPC, for example radiation, pair production or scattering. A study of the 
HPC resolution has been done using Bhabha events (JS(e^) ~ 45 GeV) and about 
700 Compton scattered events where the scattered produces an electromagnetic 
shower in the HPC (primarily 3 < E{e^) < 15 GeV) and the scattered photon is 
detected in the forward calorimeter. From this study the energy resolution of the 
HPC is consistent with {(r^jE = [(26/>/Ë)^ + (7)^]V2)%. 
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Forward Electromagnetic Calorimeter (FEMC) The forward electro­
magnetic calorimeter provides for detection of neutral particles in the forward region, 
10° <9 < 36.5° and 143.5° <0 < 170°. The FEMC consists of two 5 m disks with 
a radial coverage of 46 < < 240 cm and located on the z-axis at ±(233 - 285 cm). 
Each disk contains 4532 lead glass blocks that are shaped (front face 5x5 cm^, 
back face 5.6 X 5.6 cm^, longitudinal depth of 20 radiation lengths) and arranged 
to project towards the interaction point. The projected direction has a slight offset 
from the interaction point, 3°, to minimize the effects of the 'cracks' between blocks. 
Test beam results show an energy resolution of = [(5/\/F + 0.35)^ + 
(6/E)^]V^)% where E is in GeV and the last term is due to amplification noise. 
As with the HPC, the energy resolution during LEP operation shows a degradation 
from the test beam results due to material in front of the FEMC. The resolution of 
bhabha events at E = 45 GeV is observed to be (rjg/E = 4%. 
Hadron Calorimeter - Barrel (HAB) The purpose of the hadron calorime­
ter is to measure the energy and position of hadronic particles that reach the HAB 
after passing through the rest of the detector with minor interactions. The hadron 
calorimeter is particularly important for the detection of neutrons since they typ­
ically pass through most of the HPC before initiating a hadronic shower. This is 
accomplished by providing many interaction lengths of iron (large atomic number A) 
in which the hadronic particles can interact. The iron in the HAB also provides for 
the return flux of the magnetic field. 
The HAB is a cylindrical shell that lies outside the superconducting coil at 
320 < R < 479 cm and subtends the poleur angle 43 < 0 < 137°. The hadron 
calorimeter is a gas sampling calorimeter that consists of 24 azimuthal sectors, each 
composed of 20 layers of limited streamer mode detectors (installed in 2 cm gaps) 
separated by 5 cm thick iron plates. The detector gas used is a low i-butane mixture 
composed of AR/C02/i-butane (10/60/30%). A single detector 'plank' consists of 
a plastic cathode forming a row of 8 square cells (9x9 mm^) with a wire anode in 
each cell. The sampling gaps in the HAB contain 19,032 planks that vary in length 
between 40 and 410 cm. 
The readout of the HAB is accomplished by placing segmented copper clad 
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boards along the length of the detector planks which pickup the streamer charges. 
The pads are coupled together to form 'towers' projecting back to the interaction 
point. Pads from five adjacent layers are combined to produce 4 superlayers of towers, 
where each tower covers an angular region of A9 = 2.96° cind = 3.75°. Typical 
dimensions of the towers are 25 X 25 x 35 cm^. 
The performance of the HAB has been studied using LEP data from hadron 
and muon decays of the Z^. The momentum of charged hadrons is measured in the 
TPC and compared to the energy deposited by the hadron in the HAB. This study 
indicates a resolution oîa^fE 120% fs/Ë. The efficiency of single muon detection 
is about 80%. 
Hadron Calorimeter - Forward (HAF) The forward hadron calorimeter 
provides for detecton of neutral hadrons in the forward regions of DELPHI, sub­
tending the angles 11° < 6 < 48° and 132° < 6 < 169°. The HAF is located at 
±(340 — 489) cm on the «-axis and has a radial coverage of 65 < iî < 460 cm. 
The HAF is very similar to the HAB, using the same type of detector planks to 
form 19 sampling layers interspersed with iron plates. The segmented pads of 4 or 7 
adjacent layers form superlayers of towers (projecting to the interaction region) that 
cover the solid angle A9 = 2.62° and A(f> = 3.75°. A maximum of 4 such superlayers 
are formed. 
Performance is similar to the HAB, with an energy resolution of (X^jE ~ 
120%/\/Ë. 
Luminosity Monitors 
The integrated luminosity for each run is determined by counting the number of 
bhabha events, (e"^e"~ —+ e"*"e"), and using the bhabha cross section, <r^, for the 
angular acceptance of the SAT (43 < 0 < 135 mrad). In this very forward region, 
cr^ is determined primarily by QED processes. Since the QED couplings have been 
calculated to a high degree of accuracy the integrated luminosity, L, is determined 
from the expression 
i - Nhk (2.3) 
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Very Small Angle Tagger (VSAT) The very small angle tagger consists of 
two blocks each at z = ±7.7 m, where each block is mounted to the vertical side (inner 
and outer circumference) of the beam pipe. Each block is a W-Si calorimeter stack, 
3 X 5 X10 (24 radiation lengths deep) cm^, subtending a polar angle of 5 < 0 < 7 mrad 
and an azimuthal angle of ±45° around the horizontal azis. Each stack consists of 12 
W-plates, 2 radiation lengths thick, separated by full area (3x5 cm) Si-detectors for 
energy measurement. For positional information, two Si-detectors with 32 vertical 
strips (1 mm pitch) are inserted after 5 and 9 radiation lengths, and one Si-detector 
with 48 horizontal strips is placed behind 7 radiation lengths. 
The information from the Si-strips is used to reject showers near the edge of 
the detector and to correct for energy leakage. After selecting bhabha events where 
the energy deposited in diagonally opposite VSAT blocks satisfies the circular energy 
cut, (El, - •Eg+)^ + (Ef, - -Sg-)^ < (^6 - 37)2, energy resolution is found to be 
5% at 45 GeV, or cr^jE ~ 35%fy/Ë. The bhabha rate of events with an tagged 
in in each VSAT is about 10 times the rate on the peak. 
Trigger/Veto Detectors 
Almost all the detector sub-systems have some secondary function as a trigger 
for physics events. However, there are two DELPHI detectors, the time-of-flight 
counters and the forward hodoscope, that are designed primarily for triggering on 
physics events or rejecting high rates from background events. 
Time-of-flight counter (TOF) The time-of-flight sub-system is located in 
the barrel region of DELPHI and serves cis a fast trigger for physics events. The TOF 
has a ducil role with respect to cosmic events, with the capability to veto cosmics 
during beam crossings or to trigger on cosmics during LEP operation. Triggering on 
cosmic events is important because they are used extensively for internal alignment 
of the DELPHI detector sub-systems. 
The TOF consists of a single layer of 172 scintillating counters forming a cylin­
drical shell located just outside the solenoid. Each counter (355 x 19 x 2 cm^) covers 
half the length of DELPHI, subtending a polar angle of 41° <9 < 139°, with a 6 cm 
dead space at 0 = 90°. The scintillator used for the counters is NEllO. The scintil-
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lator is connected on both ends to a photomultiplier via plexiglass light guides folded 
back by 180°. This geometry reduces the dead zone in the center of the detector. 
The effective attenuation length of the scintillator is 135 cm and the effective light 
propagation is 16 cm/ns. Signal loss in the light guide is 78%. 
Time resolution as meeisured with cosmic events is = 1.2 ns, corresponding to 
a resolution of cz = 20 cm on the axial position of a track. The rate of cosmic events 
using a back-to-back coincidence of the TOF is 3.5 Hz, with a detection efficiency of 
99.9% for mips. 
Forward Hodoscope (HOF) The forward hodoscope sub-system is located 
in the DELPHI end-caps and provides a trigger for forward decays, and a veto 
against beam-gas events. However, the HOF can also act as a trigger for beam related 
muons that are very useful for alignment purposes in the forward region. 
The HOF is mounted on each end of DELPHI just in front of the second muon 
chamber. Each hodoscope consists of a single layer of scintillator counters covering a 
total surface area of ~140 m^. The layer is divided into quadrants, each containing 
28 counters. The counters have dimensions of 1 x 20 x 450 cm^ and are mounted with 
some overlap to avoid crack affects. The scintillators are coupled to a single photo-
multiplier via bent light guides. The effective attenuation length of the scintillator is 
150 cm and loss of signal in the light guides is less than a factor of 3. 
Time resolution aa measured with beam related muons is = 5 ns averaged 
over the whole counter. Detection efficiency is 95% for mips. 
Hadron Trigger The DELPHI trigger system is complicated and has many 
details. For this study, only the hadron trigger is of importance and will be presented 
(IS an overview. More details are available elsewhere [25, 31]. 
The DELPHI trigger had two levels for LEP operation in 1990. The 1st level 
trigger decision is made 3 fis after the beam crossing and the 2nd level decision after 
42 us. Since a beam crossing occurs every 22 fis the detector is 'dead' during the first 
beam crossing after a postive first level decision. A typical 1st level trigger rate of 
400 Hz leads to a deadtime of about 1%. The 2nd level trigger was typically about 
2 Hz. 
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The following four sub-trigger components were used for 1st level triggering of 
hadronic events. The term octant used below refers to eight equal sectors that are 
created conceptually by splitting the DELPHI detector with three planes lying in the 
X — y-, y — z-1 z — x-planes and which intersect at the center of the detector. 
• A 'track trigger' was made by coincidences of the ID and OD tracking chambers. 
A positive trigger from each detector is provided if 3 out of 5 detector layers 
recorded a signal. The track trigger requires a positive response from at least 
two OD quadrants, in coincidence with any signal from the ID. 
• A 'scintillator trigger' was made by coincidences of the HPC and TOF scintil­
lation counters. The HPC counters are sensitive to showers of 2 GeV or more. 
The TOF counters are sensitive to minimum ionizing particles and also shower 
leakage from the calorimeter. A positive scintillation trigger is formed by the 
OR of the following criteria: 
— A signal in at least 2 TOF octants. 
— A signal in at least 2 HPC octants. 
— A coincidence of any TOF octant with any HPC octant. 
• A redundant trigger in the barrel region was formed by a coincidence of einy 
TOF octant with any OD octant. 
• A 'forward majority' trigger Wcis formed by coincidence of at least two of the 
following conditions: 
— A coincidence of HOF signals from back-to-back quadrants. 
— At least one track detected by coincidences between the forward tracking 
chambers FCA and FCB. 
— A coincidence of one OD quadrant with any ID signal. 
— At least 3.0 GeV energy deposition in the FEMC. 
The efficiency of these combined subtriggers for hadronic events was over 99.5%. 
A study also was made for data recorded with trigger components missing. This was 
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done by using events with all trigger components operating and artificially removing 
part of the trigger pattern. A correction of 0.2% to 2.5% was needed for less than 
5% of the data. This is a negligible effect for this analysis. 
Event Reconstruction of Detector Data 
The goal of a complicated detector like DELPHI is to correctly reconstruct the 
decay products so that physical paxcimeters of nature cein be extracted. The 
decay of the > // has four 'common' decay modes that can be separated from 
each other relatively clearly by their event topology: Z^ —> Z^ —> 
Z^ and Z^ —» qq. We give an example of a reconstructed event for each 
decay mode in the following to illustrate the capabilities of the DELPH detector. 
Figure 2.8 shows the Z^ —* e"^e~ decay as reconstructed in the DELPHI de­
tector. Because the Z^ is created at rest and the are stable we observe two back 
to back charged tracks in the TPC. Upon entering the electromagnetic calorimeter 
(HPC) the showers and deposits its energy in the calorimeter. This large energy 
deposition is illustrated in the graphical reconstruction by the long rectangular struc­
tures in the HPC. The is stopped by the electromagnetic calorimeter and little or 
no energy is detected beyond it. (The graphics seems to indicate energy beyond the 
HPC but this is not the céise, it is only a reflection of the graphical representation of 
large energy deposits in the HPC.) 
Figure 2.9 shows the decay of a Z^ to two muons where one of the muons has also 
radiated a photon. The muons are observed by the charged tracks in the TPC and 
the photon can be seen as a single deposit in the HPC with no charge track leading 
to it. The momentum sum of the photon and the nearest muon exactly balance 
the momentum of the opposite muon, again indicating the back to back nature of 
Z^ —> fj at LEP. The muons leave only a small amount of energy in the HPC as 
opposed to the case (see Figure 2.8). In addition the muons pass through the 
hadron calorimeter and out to the muon chamber. Thus Z^ —> decays can be 
separated from Z^ e~ decays. 
Figure 2.10 shows the decay of a —> t'^t~ where one r has decayed to 
three pions and the other r has decayed to a muon and neutrinos. The pions are 
identified as such because they leave little energy in the electromagnetic calorimeter 
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Figure 2.8: Reconstructed tracks of a event. The back to back tracks 
recorded in the TPC are 'linked' to the energy deposited in the HPC. 
The graphical display of this event indicates that a large amount of 
energy has been deposited in the HPC by the charged particles, and no 
signals are observed in the muon detector or hadron calorimeter. 
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Figure 2.9: Reconstructed tracks of a -)• event. Back to back tracks 
recorded in the TPC are 'linked' to the energy deposited in the HPC. 
In contrast to Figure 2.8, only a small amount of energy is deposited in 
the HPC by the charged particles, and signals are also observed in the 
HAB and MUB. 
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Figure 2.10: Reconstructed tracks of a —» r^"t~ event. The taus quickly decay 
to a three particle final state, where two of the particles are often 
undetectable neutrinos. Hence the charged tracks are not necessarily 
back to back, in distinct contrast to the leptonic decay of the to 
e"(" e~ and /x"'" n~. This event shows one tau decaying to a leptonic final 
state (muon) and the other tau decaying to a three charged particle 
state. 
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Figure 2.11: Reconstructed tracks of a. qq event. The high multiplicity of 
charged and neutral tracks ecisily distinguishes the Z^ hadronic decays 
from the e'^e~ and leptonic decays. There is typically a small 
misidentification of r"^r~ events as hadronic events and vise versa. 
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Figure 2.12: Reconstructed tracks of a. —>• qqy event. The two jets of particles 
from the quarks are clearly separated in this example. The photon in 
the electromagnetic calorimeter is observed to be isolated and highly 
energetic. 
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CHAPTER 3. ANALYSIS TECHNIQUES 
This chapter discusses the analysis used in this thesis. A description of the 
data used for this analysis is given, along with an overview of the procedures and 
computer programs used to create these data.. The criteria for selecting isolated 
photons in hadronic events from this data is also discussed. 
The events of interest for this study must have a gg7 topology. Therefore, the se­
lection of a hadronic event is described, followed by the selection criteria for hadronic 
events which have a photon consistent with the physics processes of interest. (In one 
sense, all hadronic events could be considered to have a gçy event topology since 
nearly every hadronic decay of a will produce a photon somewhere, either in a jet 
of particles or away from the jets.) The physics channel we are interested in studying 
in the first part of this analysis is Anal state radiation (FSR). A detailed discussion 
is given describing the criteria used to separate events due to FSR from the known 
background sources, i.e., ISR, SQR, QCD processes, and r^'r" events. In the second 
part of this analysis, the identical FSR criteria are used to estimate the efficiency for 
selecting isolated photons due to the existence of the boson, an excited quark, or 
an excited boson. 
Data Description 
The data used for this analysis weis recorded during 1990 by the DELPHI detector 
at LEP. Over 130,000 e"^e~ —* events were detected by DELPHI in the 1990 
energy scan, corresponding to a total integrated luminosity of about 5.7 pb~^ . 
The first step in the analysis of the raw data from the DELPHI detector is to 
reconstruct the tracks of the charged and neutreil particles in each event using the 
DELPHI Data Analysis Program (DELANA) [32]. The data structure of D ELAN A 
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output is referred to by the collaboration «is TAN AGRA [33] 'data'. TAN AGRA 
data contains a great deal of information about each particle track, including details 
of intermediate steps in reconstructing the tracks. For example, the TANAGRA 
data includes the spaticil location of each point in the TPC used to reconstruct the 
trajectory of a charged track. This detdled information is not needed for most 
physics analysis, only the reconstructed momentum of the track and its starting 
point in the detector. Therefore, a reduced data set is produced from TANAGRA 
data using a program called PXDST [34]. This reduced data set is called Data 
Summary Tape (DST) data and the details of its contents are specific to DELPHI, 
though the concept of DST data is common in experimental high energy physics. 
DST data contains a summary of the particle track reconstruction process, such as 
track positions, particle energies and momenta, errors on these quantities, etc. [34]. 
Data from the intermediate steps of track reconstruction is generally not put on the 
DST structure. 
In addition to the raw data, DEL AN A is used to process simulated pseudo-raw 
data produced by a Monte Carlo simulation of both the physics processes and the 
detector response. While the specifics of implementing Monte Carlo simulation pro­
grams may vary greatly from one experiment to another, the procedural steps are 
generally the same. Using a theoretical model of the physics proccess, the primary 
interaction is generated and the final particle content of the event at the interaction 
point is generated. The event generator is separate from the detector simulation and 
rather modular so that it is relatively easy to change generators. This is necessary 
because event generators calculate specific physics processes. The generator used by 
DELPHI for the process t~ —> çç is a combinaton of two different generators, 
DYMU3 [35, 36] for calculation of initicil state radiation contributions, and the JET-
SET [37, 38] generator for parton production cind fragmentation of the quarks into 
observable particles. (A description of what is included in the generators for DELPHI 
will be discussed shortly.) The output of these generators is a list of stable particles 
produced at the interaction point. 
Next, the particles at the interaction point are passed through a detailed simu­
lation of the DELPHI detector called DELSIM [39]. The DELSIM program includes 
physics processes (such as particle interactions with the detector material and parti-
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de decays for short lived particles) and the response of the detector to the particles 
passing through it (such as the drifting of ionization charge and the characteristics 
of the electronics response). The final output of the Monte Carlo detector simulation 
is a set of pseudo-raw data for each event having the same data structure as the 
data from a real event. DELSIM output also includes information about the event 
generation and track simulation processes. 
The pseudo-raw data is processed through the DEL AN A and PXDST codes 
in the same manner as the real data. The final product is called simulated data 
and contains the same data structure as the TANAGRA cind DST data described 
earlier. Therefore, distributions of any physical quantities analyzed in the real data 
can also be analyzed using the Monte Carlo simulation and compared to the real 
data. The simulated TANAGRA and DST data also contain information relevant to 
the simulation, such as the generated decay chain of the partons for an e^"e~" -+ qq 
event. This information is often useful for evaluating track reconstruction quality, or 
for determining acceptances and efficiencies in physics analysis. 
To compare the number of energetic isolated photons in the data to what we 
expect from SM sources requires a detailed Monte Carlo simulation of the physics 
processes and the detector rèsponse. For this study the generation of the known 
primary physics interactions production is excluded) and resulting final state 
particles is accomplished using a combination of the DYMU3 event generator [35] 
and the JETSET 7.2 parton shower fragmentation model [37]. Initial state radiation 
is modelled with DYMU3. Final state radiation is included in the JETSET 7.2 event 
generator [38]. However, interference between ISR and FSR is not included in the 
generation. At the peak the interference term is expected to be small, about 0.4% 
of the total qq'y cross section, and is negligible. This is not so true for y/s slightly off 
the peak, where the interference term can become significant. For a given quark 
type the variation in the contribution to the total cross section of the interference 
term can range between -10% to +5% [6, 7]. For both up and down type quarks 
the interference at 5 < and at 5 > changes sign. Hence the effect is 
not so serious if «m equal amount of data is recorded at y/s above and below the 
Z^ peak. Since more than 75% of the data is taken on the Z^ peak (interference 
suppressed) and the data above and below the Z^ peak is roughly equal, the lack of 
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an interference term in the Monte Ccirlo is not expected to be an important problem. 
The higher order QCD corrections are implemented in JETSET in two parts, one 
perturbative in which the quarks and gluons are generated according to perturbative 
QCD, and another non-perturbative part in which the partons fragment into colorless 
hadrons. The perturbative QCD part used for this analysis is the parton shower 
(PS) approach available in JETSET 7.2 [38]. The parton shower method uses a 
combination of the Leading Logarithm Approximation (LLA) and the first order 
QCD matrix element. For the non-perturbative pzirt (the transformation of partons 
into hadrons) JETSET produces hadrons along color flux tubes stretched between 
the outgoing partons according to the Lund string model. Emitted gluons act as 
'kinks' or excitations of the string. The string may break and procuce a new qq 
pair. This process stops when only on-mass-shell hadrons remain. The Lund parton 
shower fragmentation model has been found to be in good agreement with the LEP 
data for a number of event variables [40, 41]. 
In addition to the generation of hadrons, short-lived hadrons are allowed to decay, 
for example tt^ —> 77. The tt® decay in particular provides a sizeable background 
to FSR when the two photons overlap and appear as one photon in the detector. 
Using the simualtion programs described above, a total of 90822 events were gen­
erated for the —> q'qphysics channel. In addition, a sample of e"~ —» t'^t~ 
events was also used to study the background contribution to our data from this chan­
nel. A small fraction of the t~ events have the same event topology cis hadronic 
events, and some of these events have a 9Ç7 event topology satisfying the criteria for 
FSR. The event generator used for e'^e~ —> t'^t~ simulation was KORALZ [42, 36]. 
Selection Criteria for Physics Analysis 
This section describes the criteria used to identify candidate events for brems-
strahlung radiation from quarks and possible new physics processes described in 
Chapter 1. The objective of the selection criteria is to obtain a data sample with a 
clear e'^e~ —*• qijj event topology. Comparisons are made between data and simula­
tion, eind acceptance criteria for FSR and background are also discussed. 
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of the above criteria for finding charged tracks hcis been determined to be greater 
than 99% overall. Background from spurious tracks has been found to be less than 
0.1%. 
Once the charged tracks have been selected, they may be used to calculate event 
characteristics. By placing criteria on selected event characteristics, hadronic events 
can be well separated from other sources of event triggers. A primary distinction 
between hadronic decays and lepton decays is the number of charged tracks 
in the events. Hadronic Z® decays have on average 21 charged tracks per event. 
Decays of the Z^ to e"l"e~ and (i~ ideally have two tracks. Decay of the Z^ to 
T+T~ has a 1-1 prong event topology 74% of the time and a 3-1 prong event topology 
about 24% of the time. In addition, background from cosmic events is primarily a 
two-track phenomenon. These backgrounds can be reduced to a negligible level by 
requiring a minimum charged track multiplicity. 
Sources of high multiplicity events include beam-gas interactions (the beam in­
teracts with residual gas left in the beam pipe) cind 2-photon interactions. However, 
the tracks from these processes are produced in a very forward direction and typically 
have a total energy far below that of the available center of mass energy. Hence these 
events can be rejected by imposing a minimum energy constraint and demanding the 
event does not have a 'forward' topology. 
To reduce these backgrounds, the following selection criteria were required: 
(a) At least 3 charged tracks in one hemispere. 
(A hemisphere is defined by the plane perpendicular to the beam direction and 
passing through the center of the interaction point.) 
(b) SP| > 9 (GeV/c )2. 
The multiplicity cut removes cosmic events and leptonic events (with the excep­
tion of a small fraction of t~ events). The cut rejects contamination from 
beam gzis and two photon interactions. The overall e&ciency of these criteria for 
identifying true hadronic events was determined to be = (94.3 ± 1.0)% . Back­
ground from decays was found to be (1.3±0.3)%. Beam gas and two photon 
interactions contributed less than 0.1% each to the background. 
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the simulation to the data as described above. The agreement is very good. Figure 
3.2 shows the cos Oj' for the data and simulation where Ojr is the polar angle between 
the thrust axis and the beam axis. Excellent agreement is observed in all but the 
most forward regions. 
Photon Definition 
The selection of e"^ e~ —> 5^7 events requires that the photon in the data be 
strictly defined. For this analysis, a neutral, electromagnetic shower in the HPC is 
defined to be a photon. The terms neutral and electromagnetic are described more 
fully in the following paragraphs. 
A neutral shower is defined to be a reconstructed track element (TE) [33] in 
the HPC that is not linked to a charged track. The complete procedure for linking 
a charged track to an HPC TE, or shower, requires an extended discussion that is 
beyond the scope of this thesis (see [46] for details). In essence a shower in the HPC 
is linked to an extrapolated charged track if the spatial separation between the two 
is less than 4 cm. at the the entrance of the HPC. 
The HPC pattern recognition also attempts to distinguish electromagnetic show­
ers (i.e., photons and electrons) from hadronic showers (i.e., neutrons and pions) by 
studying the longitudinal and transverse structure of the shower. A general descrip­
tion of the procedure is outlined here and additional material is available in [47]. 
The method used to separate the two classes of showers is a statistical one known 
as canonical discriminant analysis. Given two classes of observations with measure­
ments on N variables, the canonical discriminant analysis finds a linear combination 
of the N variables (hence finding N coefficients) that maximizes the multiple corre­
lation with the classes. The variable defined by this linear combination is called the 
canonical variable and can show substantial differences between the classes even if 
the original N variables do not. 
To implement this technique, Monte Carlo samples of electrons and pions were 
produced at different energies and angles. A set of N variables was selected to 
describe the longitudinal cind transverse shape of the showers. Examples of these 
variables are: the total shower energy, the energy deposited in each layer, the layer 
number where the maximum energy is found, the fraction of energy deposited in the 
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Figure 3.1: The thrust value, T, for events satisfying the hadronic criteria. 
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Figure 3.2: The cos 0j< for events satisfying the hadronic criteria. 9j< is the angle 
between the thrust axis and the e'^e~ beam direction. 
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maximum layer, the fraction of energy deposited in the last two layers of the shower, 
etc. For each energy cind angle, the statistical package SAS [48] was used to find the 
set of N coefficients, or weights, that leads to the best separation of the two classes of 
showers. These weights are used by the HPC pattern recognition program to calculate 
the associated canonical variable. The distribution of the canonical variable for E = 
8 — 12 GeV is shown in Figure 3.3. The two classes of showers are well separated 
by this procedure. By placing a cut on the canonical variable, one can establish the 
fraction of electromagnetic showers to be identified. The pattern recognition places a 
restriction on the value of the canonical variable such that the fraction of e-m showers 
retained is 95%. Showers that satisfy this criterion are labeled as electromagnetic. 
For showers of greater than 5 Gev, the probability of misidentifying hadronic showers 
as e-m showers is less than 1% . 
The events of interest in this study correspond to the final state radiation of 
a photon by a quark. One background process contributing to events with a qq'y 
topology is due to initial state radiation by the incident electron or positron. Such 
events are produced primarily in the forward/backward direction (parallel to the 
beam axes). By requiring the photon to be contained within the barrel region of the 
detector, 45° < 9 < 135°, the background from initial state radiation is reduced to a 
negligible level. Thus we do not use showers identified by the forward electromagnetic 
calorimeter (FEMC) in this analysis. 
Geometrical constraints were also applied to the starting position of the electro­
magnetic shower in the HPC to ensure proper reconstruction. Because of mechanical 
supports in the middle of the detector the photon was rejected if it was found in the 
angular region 88° <0< 92°. Another class of photons not well understood at the 
time of this analysis are those that span the space between the inner and middle rings 
of the HPC modules. Hence photons that spanned two modules were rejected for this 
study. This corresponds to photons with an extrapolated ^-coordinate (extrapolation 
to entrance of the HPC module, R = 208 cm) of 75 < | Zg#; | < 92 cm. Figure 
3.4 and Figure 3.5 show and z^xt the photons with Ey > 8 GeV after these 
fiducicil criteria have been applied. (The significance of the Ej > S GeV criterion 
will be discussed later.) 
To further ensure proper energy and position reconstruction, criteria are also 
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Figure 3.4: The polar angle for photons with Ej > 8 GeV. The data is 
represented by the crosses and the simulation by the histogram. 
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applied to photons that start showering at the 24 azimutheil boundaries of the HPC 
modules. Photons were rejected for this analysis if the shower started within ± 1° 
of an HPC module boundary. Figure 3.6 shows the (j> distribution of photons with 
S'y > 8 GeV calculated modulolb^, and after applying the (f> criteria. Conceptually 
this overlays the ^ distribution in each of the 144 modules. The 12 peaks and valleys 
observed in the data and simulation correspond to the cathode pads located in the 
first row. 
A final fiducial requirement is placed on the starting position of the photon in 
the HPC with respect to the six TPC sector boundaries. It is possible for an energetic 
charged track to traverse a crack in the TPC, failing to leave a signal but producing 
a shower in the HPC. Therefore, a photon is rejected if it is closer than ± 1° to the 
boundary of a TPC sector. 
The number of hadronic events that have at least one photon with E-y > 8 GeV 
and satisfying all the fiducial requirements is 15235 in the data as compared to 17608 
in the Monte Carlo. Figure 3.7 and 3.8 shows the thrust and angular distribution 
of the thrust axis for these events. The number of photons with Ej > 8 GeV and 
satisfying the fiducial requirements is 16672, and is predicted to be 19573 from the 
simulation. 
The simulation does a good job in reproducing the shape of the thrust, T, and 
cos &ij< distributions, but overestimates the absolute number of photons satisfying 
the cuts. In what follows we present evidence that this discrepancy is dominated by 
photons that fail our isolation criteria, i.e., photons within jets. These are the vast 
majority of all photons in hadronic events. Simulation of the detector response to such 
photons is a difficult teisk. The large amount of hadronic energy deposition due to 
the high multiplicity jets also makes electromagnetic shower identification and energy 
measurements difficult for photons within jets. We expect these discrepancies to be 
reduced in the future cis our understanding of the response of the electromagnetic 
calorimeter increases. 
Figure 3.9 shows the energy distribution of all photons satisfying the fiducial 
requirements for the data éind simulation. Figure 3.10 shows the transverse momen­
tum of the photon with respect to the thrust axis, Pj_ , for those photons with 
S'y >8 GeV and within the fiducial criteria. 
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Figure 3.6: The azimuthal angle modulo2g(<^'y) for photons with Î 3eV. 
Crosses represent data and the histogram represents simulation. 
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The shape of both distributions are reproduced well by the simulation, particu­
larly for higher energy photons. As expected, some descrepancy is also evident. In 
Figure 3.10 the difference is especially worse for low Pj_ photons. These are photons 
that are generally aligned with the thrust axis. Hence, photons within jets show the 
greatest descrepancy between data and simulation cis was discussed earlier. 
Photons from Final State Radiation 
The selection criteria described up to now have been made so that only well re­
constructed electromagnetic showers are used in the analysis. At this point additional 
criteria are needed to separate FSR gfy events from other events which have a qqf 
topology. Other known physics processes which have a qqy topology were outlined 
in Chapter 1: initial state radiation (ISR), secondary quark radiation (SQR), QCD 
processes, charged hadrons, and events. Figure 3.11 shows the energy spec­
trum of photons from FSR, ISR, SQR, and QCD (TT® only) predicted by JETSET 7.2 
[7]. The photon has been required to be in the polar region | cos 6 \ < 0.8. Detector 
simulation has not been included in this calcination. At low energies SQR and ISR 
are significant g5'7 processes relative to FSR. For this analysis the photon is required 
to have an energy of 8 GeV or more. This cut supresses ISR relative to FSR by 
over an order of magnitude, and for this analysis ISR is further reduced since a more 
restricted polar region used is, | cos# | < 0.707. The SQR contribution is supressed 
by more than two orders of magnitude relative to FSR. Hence, ISR and SQR will be 
essentially negligible in this study. However, background from two photon production 
in TT® decay still dominates the signal from FSR by over two orders of magnitude. 
The vast majority of photons from decay are found in jets since the TT® 
originates from the quark fragmentation process. Due to the limited transverse mo­
mentum in the fragmentation process, the TT® (and hence the photon) are produced 
predominantly in the original quark direction. Photons from FSR originate from the 
decay process —> q^ where one quark radiates a photon. These photons have 
a much broader angular distribution with respect to the quark direction. There­
fore, the background contribution from TT® decay can be reduced by placing isolation 
criteria on the photons. Figure 3.12 shows the angle between the photon and the 
nearest charged track of more than 0.5 GeV/c for the data and the simulation. The 
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Figure 3.11: The energy spectrum for the known physics processes that may have a 
topology. The plot is produced from a Monte Carlo generation of 
10" e^"e" —> q^ events using JETSET 7.2 [7]. The photon is required 
to be in the angular range ] cos 0 | < 0.8. 
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agreement between the data and simulation for the 'charged track isolation angle' 
(CTIA) is good, with the exception of the low CTIA region. This region of CTIA 
descrepancy consists of non-isolated photons, or photons in jets, ais discussed earlier. 
Figure 3.13 shows the Monte Carlo prediction for the angle between the photon and 
the nearest charged track of more than 0.5 GeV/c for photons originating from back­
ground processes and for photons originating from FSR. The CTIA distribution for 
the background processes is strongly concentrated at low values since the photons 
are produced in the fragmentation process. However, while the CTIA distribution 
for FSR photons is also peaked at lower values of the isolation angle, a significant 
fraction of FSR photons are distributed throughout the entire region. Therefore, 
requiring the photon to be isolated will reduce the background from QCD processes 
considerably while retaining a reasonable fraction of FSR photons. 
For this analysis the photon is required to be at least 20° away from all charged 
tracks with momentum greater than 0.5 GeV/c. The direction of the photon (or 
neutral particle) is defined by the starting position of the reconstructed shower (TE) 
in the HPC, using the interaction point as the origin of the photon. The direction of 
a charged particle is determined by use of its reconstructed momentum vector. The 
number of events remaining after this cut is 519.0 in the data compared to 471.9 in 
the Monte Carlo. The Monte Carlo includes contributions from all known processes, 
FSR, ISR, SQR, QCD processes and tau background. The simulation predicts that 
128.6 of the remaining events are from FSR and 343.3 are from the background 
processes. Over 90% of the background events are due to photons from TT^ decay and 
the rest are essentially from r'^r" events. 
It is also possible for background photons to be produced in neutral jets. A 
fraction of these photons can be excluded by also placing isolation criteria on the 
photons with respect to neutral showers in the HPC. Figure 3.14 shows the angle 
between the photon and the nearest neutred track in the HPC of more than 2.0 GeV 
for the data and simulation. (The CTIA criteria is not included.) The structure of the 
'neutral track isolation angle' (NTIA) for the simulation is in good agreement with 
the data. Again, some differences are observed for photons that are not isolated, i.e., 
that are located in the low NTIA region. Figure 3.15 shows the NTIA distribution 
for the Monte Carlo background processes and for FSR alone. Like the CTIA case. 
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Figure 3.12: The charged track isolation angle (CTIA) for photons from the data 
and the simulation. The photons satisfy the energy and fiducial criteria 
described in the text. The CTIA is the angle between the photon and 
the nearest charged track with momentum greater than 0.5 GeV/c. 
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photons from background processes are sharply concentrated at low isolation angles 
while FSR photons are distributed throughout the range of isolation angles. 
However, unlike the CTIA distribution, the NTIA distribution has a larger frac­
tion of events distributed at high values of the NTIA (140° < 0 < 180°). There are 
a number of reasons for this. Recall that only the HPC is used for neutral particle 
detection, while charged particles are detected in the polar region 20° < < 160°. 
Hence there are fewer neutrcds with which to calculate isolation angles and the neu­
trals that are used tend to be further away. The HPC also has a much larger aggregate 
dead region than the TPC in the azimuth angle. The HPC has 24 cracks that are 
about ±1° wide each, while the TPC has only 6 cracks that are about ±1° each. 
Furthermore, the dead region of the TPC affects primarily high momentum particles. 
Unlike photons, a low momentum charged particle is bent in the magnetic field, thus 
crossing the boundary of two TPC sectors and generally leaving enough signal in 
each sector so that the charged track can be reconstructed. 
The large fraction of background events at high NTIA values is not a serious 
problem as the CTIA and NTIA are highly correlated. Figure 3.16 and 3.17 show 
scatter plots of the CTIA versus the NTIA for the for FSR events and background 
processes respectively. The CTIA criteria rejects nearly all the background events 
with a high NTIA value. This is simply a reflection of the fact that most of the 
photons are produced in jets containing both cheirged and neutral particles. Figure 
3.18 shows the NTIA distribution for FSR and background as predicted by the Monte 
Carlo after placing the CTIA criteria on the photon. Based on these plots, this 
analysis further reduces non-FSR events by using photons that are at least 20° away 
from all neutral tracks with an energy greater than 2.0 GeV. 
Table 3.1 shows a summary of the criteria used to separate FSR events from 
events with similar çç'7 topologies. A total of 308 events from the real data satisfy 
the selection criteria while the simulation predicts 302.3 normalized events. The 
number of events the Monte Carlo attributes to FSR is 126.3 and the remaining 
events are due to background processes. 
A number of systematic errors arise when applying these criteria using a Monte 
Carlo technique. Ideally one would like to generate many simulation data samples 
that are each about the size of the data sample, and then compare results between 
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Table 3.1: Summary of selection criteria for a FSR photon. 
Selection Criteria 
Fiducial 45" < 1? < 88° 
92° < 7? < 135° 
(j> > ±1" from all HPC boundaries 
<f) > ±1° from cdl TPC boundaries 
Energy ^(7) > 8GeV 
Isolation CTIA{> 0.5GeV/c ) > 20° 
NTIA{> 2.0GeV/c ) > 20° 
the samples. This approach was not feasable because of the tremendous computing 
time needed. Systematica were arrived at by varying the criteria slightly over an 
appropriate range of values. 
The error due to the HPC accepteince of a photon depends upon the fiducial 
criteria and the requirement that a shower in the HPC be an electromagnetic shower. 
Systematic errors due to the fiducial cuts were studied by comparing the number of 
photons in the data and the Monte Carlo as a function of the fiducial criteria. The 
error due to requiring the photon to be an electromagnetic shower was also studied in 
the same manner. Bcised on these studies a systematic uncertainty of 3% is assigned 
to the HPC acceptance after applying fiducial and shower class criteria to the photon. 
Another source of error is that due to the uncertainty in the energy resolution 
of the HPC. Monte Carlo studies have consistently found a lower energy resolution 
than that suggested by the data from e~ —> e"^e~ events. An estimate of the 
difference can be found by using the simple view that the number of photons above 
some energy is a product of the HPC resolution and the falling energy spectrum of the 
photon. By estimating the difference in the number of events found for an optimistic 
and pessimistic HPC energy resolution, a 3% systematic uncertainty is assigned to 
the acceptance of a photon with GeV. 
The isolation requirements produces the largest source of uncertainty. Studies of 
the data and simulation have been done over a range of isolation angles at different 
photon energy criteria. Tracks of varying minimum energy were also used to study 
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the CTIA and NTIA. Based on comparing data and simulation from these studies, a 
systematic uncerainty of 7% was cissigned to the isolation requirements. 
A set of criteria has now been established to select isolated energetic photons. 
The motivation for these selection criteria is to separate qq'y event topologies due to 
FSR from background events that have a similar event topology. The results of this 
selection criteria are presented in the following chapter. 
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CHAPTER 4. RESULTS 
This chapter discusses the results obtained from the study of events with isolated 
photons using the criteria applied in Chapter 3. Results for final state radiation 
are presented first by comparing data and simulation for the known process that 
contribute 557 event topologies. This includes a measurement of the cross section 
for final state radiation, and a determination of the sum of the up-type and down-
type quark coupling constants. Based on these results, it is possible to place upper 
limits on the cross section times branching ratio for the raxe and new processes; (a) 
a(e+e- q-q ), (b) <7(e+e- ^ q q*)'BR{q* q 7),  
and (c) <r(e+e- Z^ ^  Z* j)'BR{Z* g?). 
Data and Monte Carlo 
In Chapter 3 a number of criteria were demanded of the data in order to separate 
FSR events from background events. Table 4.1 shows a summary of the number of 
events remaining after each criteria is applied. The number of events is shown for 
the real data and for the Monte Carlo prediction, where the simulation includes the 
known processes contributing to a qqf event topology: FSR, ISR, SQR and TT® decay 
to two photons, and tau decays. The event count for simulation is further split into 
two categories, FSR and non-FSR processes. 
After applying this set of criteria to the real data, a total of 308 ± n.5{stat.) ± 
25.2{syst.) events remain. The first error is statistical and the second systematic, 
where the systematic error is the quadrature sum of the error due to HPC acceptance 
eind energy resolution, the isolation criteria and the background subtraction. The 
Monte Carlo simulation predicts a total of 302.3±18.2(5<a<.) events, 12Q.Z±11.9{stat.) 
from FSR and 176.1 ± 13.8(3W.) from other processes (over 90% due to TT^ decay 
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Table 4.1: Number of events surviving successive criteria and the contributions ex­
pected from simulation. 
Selection DATA MC MC MC 
Observed Total FSR ISR + QCD 
+ T 
Hadronic Z's 97264 97264 
Normalized 
> 8 GeV 19919 22492 239 22234 
45° < 9 j <  88° 
92° < ^7 < 135° 18884 21646 239 21407 
ZQxt fiducial cut 16579 19729 215 19514 
<f> fiducial cut 15235 17608 197 17411 
CTIA{> 0.5GeV) > 20° 519.0 471.9 128.6 343.3 
NTIA{> 2GeV) > 20° 308.0 302.3 126.3 176.0 
Pj_(7) > 5GeV 202.0 189.5 116.1 73.4 
alone). Figure 4.1 shows the photon energy distribution of the events for the real 
data, the simulated data of all processes, and the simulated data for FSR only. The 
error on the data is statistical only. Figure 4.2 shows the ratio of the number of 
events in the data to the number in the simulation. The error bars in this Figure 
include all statistical and systematic errors. The discrepancy in the first two energy 
bins is rather large, but still within 1.5 <7 of the combined statistical and systematic 
error. Good agreement is observed for the remainder of the photon energy spectrum. 
Hence the data are consistent with the Monte Carlo for both the event count and the 
photon energy distribution. 
Another quantity of interest for comparison is the transverse momentum of the 
photon relative to the thrust axis, Pj^. The interest in this quantity arises from 
the possibility of reducing the background contribution (primarily decay) in the 
event sample. Unlike photons from FSR, the TT® decay photons originate from the 
fragmentation process, and are therefore produced primarily in the quark direction. 
One might expect the Pj_ distribution of the FSR photons to be broader than for TT® 
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Figure 4.1: Energy distribution of isolated photons meeting energy and isolation 
criteria described in the text. 
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Figure 4.2: Ratio of the event count for the data as compared to the simulation. 
All known processes are included in the simulation. The photons satisfy 
the criteria described in the text. Statistical and systematic errors are 
included in the error on the ratio. 
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photons. Figure 4.3 shows the P_L distribution of the photon for the data, simulation 
(all qqj processes), and FSR only events. The data are in rather good agreement with 
the Monte Carlo over the full PJL spectrum. The large contribution below 5 GeV/c 
is due almost entirely to two-photon decay of the vr®, hence the background to FSR 
can be greatly reduced by rejecting events with Pj_ less than 5 GeV. 
If the photon is required to have a Pj_ of at lecist 5 GeV the number of iso­
lated photon events in the data is reduced to 202 ± 14.2 (stat.) compared to 
189.5 ± 14.4 {stat.) events in the simulation. The Monte Carlo simulation pre­
dicts 116.1 ± 11.4 {stat.) of these events are due to FSR and 73.4 ± 8.7 {stat.) are 
background. Hence the background is reduced by a factor of 2.40 while the number 
of FSR events is reduced by a factor of only 1.09. 
This result is promising for reducing the background. However, the Pj_ criterion 
only slightly affects the comparison of data to simulation. Figure 4.4 and Figure 
4.5 show the photon energy distribution and photon energy ratio respectively after 
requiring the photon Pj_ to be at least 5 GeV. The shape of the energy spectrum does 
not change significantly from the energy distribution before the P_|_ criterion (see 4.1 
and 4.2). In particular there is no significant improvement in the agreement between 
data and Monte Carlo in the first two energy bins. In the following analysis, results 
will be presented for both cases; without the Pj_ criterion applied and including the 
Pj_ criterion. 
Final State Radiation 
The study of FSR in the data requires that the background processes are known 
along with their associated error. Table 4.1 shows the number of non-FSR qqf events 
predicted by the Monte Carlo and separated by production mechanism. The Monte 
Carlo predicts the number of events due to all background processes with a qijj 
final state is 176.1 ± 13.S{stat.) before applying the photon requirement. The 
dominant background comes from decay of a TT® into two photons. Background from 
t'^t~ events is expected to be ~ 5%. Subtracting the Monte Carlo prediction of 
background from the data sample gives the number of isolated FSR photon events in 
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described in the text. 
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Figure 4.6: Photon energy distribution for FSR from the data and for FSR as pre­
dicted by the Monte Carlo. The photon Pj_ criterion has not been 
applied. 
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Again the observation is adequately explained by the Standard Model simulation. 
The energy distribution for FSR photons is shown in Figure 4.8 for the data 
and for the Monte Carlo after the Pj_ criteria has been included. The two energy 
distributions are consistent. There is little change in the shape of the FSR energy 
distribution compared to the previous result without the demand (see 4.6). 
In summary, we conclude that the number of energetic isolated photons found 
in the data is consistent with that predicted by Standard Model processes. There 
is no convincing evidence for an excess source of isolated photons. In particular the 
data sample selected is relatively rich in qq'y events due to the process of FSR. These 
mezisurements supplement the findings of other experiments at LEP [9, 10, 49, 50] 
and experiments at lower center of mass energies [51]. 
For the remainder of the analysis only the results found without the photon Pj_ 
criterion will be used. 
Quark Weak Coupling Constants 
As an alternative comparison with Standard Model predictions, we can use these 
data to calculate the sum of the electroweak couplings of the up-type (charge +2/3) 
and down-type (charge -1/3) quarks. 
Recall from equation 1.9 in Chapter 1 that the partial width for final state 
radiation of photons off quarks is dependent on the charge and weak couplings of the 
quarks, 
(4.5) 
where we use the notation 
Nq=5 
7 (4.6) 
for the sum of the quark coupling constants, cy, and quark charges, ey. Since the 
same cuts have been applied to the data and to the Monte Carlo, the proportionality 
of equation 4.5 holds true for both samples so that 
{Sq7J'y)exp 
{^q^f)exp i^q^'y)MC' 
(4.7) 
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The indices 'exp' and 'MC refer to experimental values and Monte Carlo values 
respectively. {Nqq^)exp is the uncorrected number of FSR events in the data after 
all cuts have been applied, and after the predicted number of background events 
(ISR + QCD + r) have been subtracted. i^qq'y)MC number of FSR events 
predicted by the Monte Carlo, after being submitted to the same cuts as the data and 
normalized to the total number of hadronic events in the data. Thus, the earlier result 
on the number of events is transformed to a quantity that can be calculated, namely 
the sum of the quark weak coupling constants. If the couplings of each up-type quark 
are equal and each down-type quark are equal, as is true in the Standard Model and 
is assumed in the simulation, then the sum in equation 4.9 can be expressed as 
•^957 - 9 ' ' ^ 1/3 ^ (4-8) 
where the up-type quarks have charge 4-2/3 and the down-type quarks have charge 
-1/3. All three down-type quarks contribute to the summation, while only two up-
type quarks contribute since the t quark mass is known to be above the kinematically 
allowed region at LEP. Using our previous results on the number of FSR events found 
in the data and the number predicted by Monte Carlo, the sum of the quark couplings, 
is found to be 
Nq=5 
^ • cy = 1.58 db 0.26(5<a<.) ± .lZ{syst.) (4.9) 
/=! 
where the statistical error includes both the number of events observed in the data 
and the limited number of generated Monte Carlo events. For sin^ 6^r = 0.229 the 
SM predicts Sqqj = 1.52. Thus the data are in good agreement with the Standard 
Model. 
Cross Section Measurement 
The determination of the FSR cross section in this thesis will be limited to the 
FSR cross section of photons with energy of at least 8 GeV, and in the angular region 
of 45° <ô< 135°. With regard to this statement, this subsection presents the results 
for the differential cross section measurement of final state radiation. The differential 
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cross section is measured with respect to the photon energy, and also with respect 
to the photon Pj_. The total cross section is obtained in three different ways. First, 
a simple count of FSR events is used to arrive at a total cross section measurement. 
Next, the two differential cross section meeisurements are each summed over to arrive 
at the value for the total FSR cross section. 
Determination of the cross section for final state radiation requires that the num­
ber of events from FSR is known after correcting for background and acceptances. 
For the Ccise where the number of FSR events are just counted the background sub­
traction and efficiency scaling are applied globally with respect to energy and Pj_. 
For the differential cross sections, the background subtraction and efficiency scaling 
are applied bin by bin. 
After applying all the selection criteria described in Chapter 4, the number 
of isolated photon events due to FSR in the data has been found to be 131.9 ± 
22.S{stat.)±10.S{syst.). This number of events must be corrected for the acceptances 
of the selection criteria. These acceptances are arrived at using the Monte Carlo 
simulation of FSR only. Let N1 jrgji be the number of generated FSR photons that 
have a generated energy and angular distribution such that: 
1. 45° < 0(7) < 135° . 
2. E { - f )  >  8GeV . 
Next, let be the number of generated FSR photons that have recon­
structed properties such that the photon passes all the selection criteria described in 
Chapter 4. Then the product of all acceptances is 
^FSR = ^ ^FSR/^^FSR (4-10) 
where the corrections included in this acceptance are: 
t Loss of photons due to pair production and multiple scattering in the material 
before the HPC. 
• Loss of photons due to the fiducial criteria on (^(7) and Zextif)' 
• Loss of events due to the isolation criteria imposed on the photon. 
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From the simulation sample used, = 285 and N2= 112. Thus the 
overall acceptance is detemined to be (39.3 ± 6.1)%. 
The resulting number of corrected FSR events is 335.7±56.7(5<ai.)±37.0(sj/5f.) 
The first error is statistical only and the second error is due to the systematic error 
described earlier. This number represents the corrected final state bremsstrahlung 
events with a photon energy Ey > 8 GeV and polar angle between 45° and 135° . 
The cross section is computed by normalizing to the measured hadronic cross 
section on the peak. DELPHI heis mezisure the hadronic cross section to be 
30.89±0.17 pb. at a center of mass energy of 91.22 GeV [31]. The number of hadronic 
events from the data, 97264, was corrected for by subtracting the background and 
correcting for the efficiency as described in Chapter 3. The resulting number of 
corrected hadronic events is 101596 ± 1168.7. The cross section for FSR can then be 
written as 
where Npand are the corrected number of FSR events and hadronic events 
respectively. Hence the cross section for final state radiation in the kinematic region 
specified above is 
Another method for determining the total cross section for final state radiation 
is to measure the differential cross section relative to some physical quantity of the 
photon. The total cross section can then be found by summing up the differential 
cross sections. Figure 4.9 shows the differential cross section for final state radiation 
relative to the photon energy, E'y, and Figure 4.10 shows the differential cross section 
relative to the transverse momentum of the photon, Pj_. The background subtraction 
and normalization are computed bin by bin with the same method as described in the 
previous paragraphs. The total cross sections determined from each of the differential 
cross sections is in good agreement with the earlier result. These results are actually 
more meaningful since they rely on the Monte Carlo distributions of the photon 
energy and transverse momentum to agree with the data. The agreement between 
the two differential cross sections is a reflection of the fact that the photon energy 
^FSR = '^had (4.11) 
^FSR — 101.7 i n.2{siai,) i 11.2(5y3i.) pb, (4.12) 
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Figure 4.9: Differential cross section for FSR with respect to photon energy S'y. 
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1. The quark momenta must first be estimated. Using all final state particles 
in the event, with the exception of the isolated photon, the Lund jet-finding 
algorithm [37] is invoked with default parameters. The jets found by Lund are 
ordered from increasing to decreasing momenta. 
2. The event is then forced to have two jets, each jet being a first order estimate of 
the quark direction. Two jets are forced by first using the two highest momenta 
jets from Lund as jet 1 and jet 2. Then each particle not part of jet 1 or jet 
2 is vectorally added to the jet it is closest to. The 4-momenta of the photon 
and two jets at this point are referred to as the unsealed 4-momenta. 
3. In general the photon and two-quark 4-momenta will not sum to the center 
of mass 4-momenta because of measurement errors and missing particles, for 
example neutrinos. Most of the missing 4-momenta is expected to arise from 
the two jet reconstruction, since the photon 4-momenta is well measured by 
the electromagnetic calorimeter. Therefore, energy-momentum conservation is 
demanded by first scaling the energy of the two jets equally so that the photon 
and two jet energy equals the center of meiss energy, 
where a is the energy scale factor for jet 1 and jet 2. The momentum of the 
jets is also scaled appropriately assuming a negligible quark mass. 
4. Next, conservation of momentum is accomplished by fixing the photon momen­
tum and moving the two jet momenta equally so that the sum of the photon 
and two jet momenta is identically zero, the center of mass momentum. If the 
missing momenta is A P then 
Ecm = By + a- (Byed + (4.13) 
and Pjet2 = ^  ' Pjet2- (4-14) 
AP = -(P7 + + Pjci2) (4.15) 
and the new jet momenta are 
(4.16) 
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P"ct2 = f'jet2 + \-'^ P- ("T) 
The two jet energies are also seeded appropriately. 
5. Finally a global rescaling is done so that the sum of the photon and two jet 
energies is equal to the center of mass energy, 
Ecm = • (•®7 + jetl + ^ '^jet2) (4.18) 
where is the global rescaling factor. The 4-momenta of the photon and two 
jets after this procedure are now conserved and are referred to as the scaled 
4-momenta. 
The validity of this rescaling method Wcis studied using a Monte Carlo sample of 
isolated FSR photons. Hence the generated 4-momenta of the photon and two quarks 
are known and can be compared to the unsealed and scaled 4-momenta. Figure 
4.11 shows the ratio R^{P) =| | / | I where and are the 
unsealed reconstructed momenta and the generated momentum of jet 1 (the higher 
energy quark) respectively. The ratio after scaling, R^{P) =| | / | Pjetl I 
where Pj^n is the sealed momentum of jet 1, is also shown. One observes that the 
scaling algorithm significantly improves the momentum magnitude and resolution of 
the first jet. The same ratios, R^{P) and R^{P), are also shown in Figure 4.12 
for jet 2 (the lower energy quark) and in Figure 4.13 for the photon. Again, the 
momentum magnitude and resolution of jet 2 are considerably improved after the 
sealing procedure. The photon momenta changes very little because it is not altered 
until the final step of the scaling procedure. 
A final check of the sealing algorithm was made by studying the invariant mass 
distributions for the and qf systems using the sample of Monte Carlo FSR events. 
The invariant mass of the q^ system can be expressed in terms of the photon energy 
and the center of mass energy (beam energy), £'cm> 
M^{q^) = {Pjetl + Pjet2)'^ = (Pcm-P'y)'^ 
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The M{qy) distribution for data and simulation is shown in 4.19 before applying 
the scciling procedure. Two entries per event are included for the two combinations of 
photon and quarks, since it is not possible to know apriori which quark-photon pair 
might originate from the q*. Figure 4.20 shows M{q'y) for the data and the simulation 
after scaling. Good agreement is again observed between the data and Monte Carlo 
before scaling and after scaling. The appearance of a peak at M{q'y) ~ 40 GeV 
is a kinematical effect due to the concentration of events with an isolated photon at 
low energy. Figure 4.21 is a scatter plot of E{f) vs M{qf) for the simulation. This 
plot shows the correlation between the low energy photons and the invariant mass 
peak at M{q'y) ~ 40 GeV. The resolution of the M{q'y) distributions are determined 
by using the Monte Carlo techniques above. The M{q'y) mass was calculated from 
the final reconstructed tracks and compared to the M{q'y) mass from the generated 
partons. The scaled M(g'y) resolution was determined to be approximately 4 GeV for 
the scaled photon/jets compared to about 7 GeV for the unsealed photon/jets. This 
difference in M{q'y) resolution is shown by the different bin widths between Figure 
4.19 and Figure 4.20. 
To deteirmine the limits on new processes in the next section we will use only 
the scaled invariant masses of the ggj system. 
Upper Limits on New Physics 
The invariant mass distributions are reproduced well by Standard Model pro­
cesses only (FSR, ISR, QCD, and tau). Since the data show no evidence of structure 
in the M{qq ) distribution nor in the M{qf) distribution we can place upper limits 
on the producton rate for the new processes described in Chapter 1. 
To determine the production rates for the new physics processes requires knowl­
edge of the efficiency of our criteria for selecting q^y events originating from the new 
processes. Monte Carlo techniques were used to determine the selection efficiency 
for each of the processes considered. The angular distribution used to model the 
7 decay was assumed to be (1 -H cos^ 0) where 9 is the angle between the 
and the beam axis [52]. The decay of the to fermions was assumed to be 
isotropic. The efficiency of the selection criteria as a function of the mass is 
shown in Figure 4.22. 
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Figure 4.22 also shows the efficiency of the selection criteria for an excited quark, 
q*, where our model assumed the angular distribution of e'^e~ —* q q* to be 
the same as Z® decay to normal quarks, (1 + cos^ 9), where 9 is the angle between 
the q* and the beam axis. The decay of the q* to a quark and a photon was taken as 
a bremsstrahlung process with an angular distribution of 1/0' where 9^ is the angle 
of photon emmission. 
The efficiency for a composite is model dependent. For the off-mass-shell 
Z* case, an isotropic angular distribution was used for the e^e~ Z^ j Z* 
reaction. The decay of the Z* —* qq was assumed to have the same angular 
distribution as the SM Z^, (1 + cos^ 0), where 9 is the Gottfried-Jackson angle of 
the Z* decay into qq (the angle of the q momentum in the qq rest frame with respect 
to the qq momentum in the Z^ rest frame.) The efficiency for this process is also 
shown in Figure 4.22. The treatment of efficiency with regard to determining upper 
limits on the two additional Z^ composite models will be discussed below. 
No significant structure is observed in the M{q^ ) distribution (see Figure 4.18), 
thus the upper limit on the product of the cross section, a{e'^e~ —> —»• 7) ,  
times the branching ratio BK{H^ QÏÏ ) can be determined. Figure 4.23 shows 
this limit ais a function of the mass. The upper limit has been calculated at the 
95% level and is less than 12 pb. over the full mass range. This limit is an 
order of magnitude above the predictions of the Standard Model with a single Higgs 
iso-doublet. 
The M{q'y) distribution also shows no evidence of an excited quark resonance 
( see  F igure  4 .20 ) .  Hence ,  the  upper  l imi t  on  the  cros s  s ec t ion ,  ( r ( e"^e~  —-+??*)>  
times the branching ratio, BR(g* —>57) can be determined. Figure 4.23 also shows 
this limit at the 95% confidence level as a function of the q* mass. In particular the 
limits on a q* mass are extended above the region > M^f2. 
The final limit we consider is on a composite Z^ that decays to a photon and 
quarks. A number of different decay modes are possible: (1) Z^ decay into a photon 
cind off-mass-shell referred to here as Z*, (2) anomolous three and four-boson 
couplings, and (3) Z^ decay into a photon and a scalar partner, S. Case (1) and (2) 
may give a broad range of energies in the M{qlJ ) distribution. In Figure 4.23 we 
show the upper limit for the product of the cross section, <T(e'^e~ ——» Z*), times 
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the branching ratio, BR(Z* -+ qq), for the angular distribution given in Chapter 1. 
The upper limit is given at the 95% confidence level over the full mass range. The 
upper limit for case (2) is essentially the same as case (1) since the two cases may 
differ only by a small change in the angular distribution. Case (3) would give a 
nearly monochromatic photon, much like the process. Since no sharp peak is 
observed that deviates from the expected M(q^ ) distribution, the limits for case (3) 
are effectively the same as the limits, since these two also differ only by a small 
change in the angular distribution. 
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CHAPTER 5. SUMMARY 
We have studied the production mechcinisms for isolated energetic photons in 
hadronic events at the DELPHI detector at LEP. The number of photons found 
in the data is consistent with the assumption of FSR and other Standard Model 
processes; ISR, QCD, and r decays. In addition, the measured photon energy and 
Pj_distribution are in agreement with SM expectations. The sum of the quark cou­
plings to the 7i^ were determined by these measurements to be 
Nq=5 
•^755" ~ • cy = 1.58 ±0.26(5<at.) ± .13(5y5<.). (5.1) 
/=1 
The cross section for FSR photons with E > 8 GeV and in the angular region 
45 < # < 135% Wcis measured to be 
crpSR ~ ^ 17.2(5<a<.) ± 11.2(5y5<.) ph. (5.2) 
There is no evidence of anamolous photon production in the data. This allows 
us to placed upper limits at the 95% confidence level on the cross section times the 
branching ratio for three new processes that produce an isolated photon and quarks; 
1. <7(e+e- ZO -> ZfO 7)-BR(/fO q-q ), 
2. g*)-BR(ç* q 7) ,  
3. c7-(e+e" 7)-BR(Z* g?). 
The upper limits for these processes are a function of the mass of the new particle 
and rzinge from 6 pb. to 20 pb. for the kinematic region studied. 
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